ABSTRACT In this article we review the results achieved in the past ten years at the Paul Scherrer Institute on the topic of diagnostics in the gas phase by laser-induced gratings (LIGs). The technique has been applied for thermometry in air and in flames at different pressures, for flow velocimetry, for concentration measurements, and for imaging purposes. The influence of collisional energy-transfer and relaxation processes in molecules on the temporal evolution of the LIG signals has also been investigated. It has been demonstrated that, for molecules with a low fluorescence quantum yield, excitation of laser-induced thermal gratings can be used as a sensitive spectroscopic tool. For the quantitative interpretation of the experiments shown in this work, the findings presented in the companion paper [1] have been used.
Introduction
With the progress of technology, laser sources have become extremely versatile and affordable. They have found a variety of application fields in medicine, industry, and science and -in particular -in the field of combustion diagnostics. With the concern of hydrocarbon fuel source availability and environmental considerations, combustion processes need to become more efficient and more clean. To test and validate combustor design and to verify predictive computational results, it is necessary to measure the temperature and chemical composition of the combustion products. However, there are some limitations in probing combustion processes to the extent that is required for both empirical and theoretical advances. These limitations arise for two primary reasons. First of all, the high temperatures and heat-transfer rates render these systems difficult to probe physically with the desired space and time resolutions. In addition, high demands on the probe materials are imposed to endure the harsh environment. Furthermore, combustion processes are delicately sta-✉ Fax: +41-1-633-13-54, E-mail: radi@phys.ethz.ch bilized and thus easily altered by physical intrusion. Optical techniques have been recognized by combustion researchers for their potential to overcome these limitations. Laser-based techniques allow the remote, non-intrusive, in situ, spatially and temporally resolved measurement of important chemical parameters [2] . However, laser techniques are not without disadvantages: a major limitation is the requirement of an optical access to the test volume. In addition, at present they require a fairly high level of operator skill. All of the instruments required, e.g. lasers, detectors, spectrographs, etc. are commercially available. Nevertheless, there has been little commercial integration of the discrete items into complete 'turnkey' instruments, at least in regard to techniques for species and temperature measurements. Furthermore, for the correct determination of temperature and concentration by laser spectroscopic techniques, a deep understanding of all physical processes involved is essential. Consequently, an elaborate analysis of the signal has to be performed for the quantitative determination of the parameters of interest. The measured spectra need to be carefully modeled and this usually requires computationally intensive numerical programming. For these reasons the optical diagnostic techniques continue to be developed and improved in order to render them more versatile and user friendly. Laser-induced gratings (LIGs) are a relatively new and promising optical technique for the diagnostics in the gas phase. By the temporally resolved detection of a continuous-wave ( cw) probe beam diffracted by LIGs, various thermodynamic properties of the medium can be inferred such as the temperature, the viscosity, the thermal conductivity, and, under favorable conditions, the species concentration. If a laser-induced grating is generated in a flow, the scattered probe beam will exhibit frequency components that are shifted due to the Doppler effect by an amount which is proportional to the flow velocity. From the analysis of the temporal evolution of the diffracted beam intensity, the flow velocity can thus be determined without seeding the flow.
Methods based on LIGs are closely related to other nonlinear techniques that have been developed recently for diagnostics in combustion environments. For example, the interest for thermal LIGs arises on one hand because of the need to account for their contribution in four-wave-mixing (FWM) experiments. In fact, at higher pressure the thermal LIGs' Applied Physics B -Lasers and Optics contribution to FWM signals becomes important and has to be quantified for a correct interpretation of the results. On the other hand, thermal LIGs themselves have a potential for diagnostic applications in the gas phase and for fundamental research. For example, they have been employed to investigate quenching processes [3] [4] [5] [6] [7] and for the measurement of species concentrations with low fluorescence quantum yields [3] . Schlamp et al. [8] have studied the accuracy and uncertainty of single-shot non-resonant laser-induced thermal acoustics measurements of the speed of sound and the thermal diffusivity in unseeded atmospheric air from electrostrictive gratings as a function of the laser power settings. The transport properties of high-pressure fluids have been measured by Kimura et al. [9] . Latzel et al. [10] have employed thermal gratings to determine acoustic velocity and thermal conductivity of gaseous mixtures of ethylene and nitrogenhelium. Furthermore, thermal LIGs have been proposed as an alternative method to coherent anti-Stokes Raman scattering (CARS) thermometry, which is a very reliable and versatile tool for measurements of temperatures. CARS, however, requires both a complex experimental setup and an elaborate procedure for the data analysis [11] . Using laser-induced thermal gratings, the temperature can be determined by a simple frequency analysis of the oscillations of the LIGs' diffraction efficiency if the composition of the measured medium is known. Williams et al. [12] have applied thermal gratings for the measurement of temperature in an atmospheric pressure H 2 /O 2 flame. Barker et al. [13] have employed thermal gratings for single-shot temperature measurements in supersonic air flows. Schlamp et al. [14] have used laser-induced thermal acoustics (LITA) with heterodyne detection to measure simultaneously and in a single laser pulse the sound speed and flow velocity of NO 2 -seeded air in a low-speed wind tunnel up to Mach number M = 0.1. Schlamp and Sobota [15] have proposed the possibility of applying LITA to measure concentration of a resonantly excited seed species diluted within a non-resonantly excited species by comparing the contributions from thermalization and electrostriction in the combined signal.
Since soot particles which are present in flames absorb widely across the electromagnetic spectrum, it is possible to generate thermal gratings with almost any pulsed laser source. Based on this idea, Brown and Roberts [16] recognized the potential of LIGs to perform temperature measurements in sooty flames.
The availability of fixed-frequency laser sources has favored the use of electrostrictive LIGs for several applications, e.g. for the study of acoustic modes and their attenuation and coupling in condensed matter [17] [18] [19] . For diagnostic purposes in the gas phase, electrostrictive LIGs have been applied to image a stream of helium in air [20] , to determine acoustic velocity and acoustic attenuation in gases [21, 22] , to measure temperatures in air and flames [23] , to determine the concentration of binary gas mixtures [24] [25] [26] , and to measure simultaneously flow velocities and temperatures [27, 28] .
This article comprises the results of experimental investigations achieved in the past ten years at the Paul Scherrer Institute in Villigen (CH) in collaboration with the A.M. Prokhorov General Physics Institute of Moscow; see Refs. [3, 4, 7, 20, [23] [24] [25] [26] [27] [28] [29] [30] . Together with its companion article [1] it is intended to be a useful tool to anyone who plans to apply the LIG technique for diagnostics in the gas phase.
In the following the specific diagnostic applications of the technique presented in this work are outlined.
In Sect. 2.1 we describe the application method for thermometry in ambient air up to 1400 K and in premixed CH 4 /air flames at atmospheric and higher pressures (up to 25 bar). The methodology of concentration measurements by laserinduced gratings is presented in Sect. 2.2. Laser-induced electrostrictive gratings have been applied for the determination of acoustic velocities in gases and for the measurement of the composition of binary isothermal gas mixtures of N 2 /CH 4 and N 2 /H 2 . By employing thermal gratings, we have been able to detect the isotopic molecule 16 O 18 O in its natural abundance, thus demonstrating the high sensitivity of this method. Investigations of energy-transfer processes are described in Sect. 2.3. We have selected oxygen as an example of a molecule that can be excited via a magnetic dipole-allowed transition with a small transition probability. Rotational redistribution and electronic quenching determine the temporal evolution of the scattering diffraction efficiency. If quenching is efficient, laser-induced thermal gratings can be employed as a very sensitive spectroscopic tool. It is not always possible to find a dipole-allowed transition within the spectral range accessible by lasers. In this case it is convenient to excite Raman-active transitions for the generation of thermal LIGs. As an example for the generation of thermal gratings by Raman excitation, we have selected carbon dioxide [4] . In Sect. 2.4 electrostrictive LIGs have been used for the simultaneous, instantaneous, non-intrusive, and remote measurement of flow velocities and temperatures in air flows in the ranges 10-100 m/s and 295-600 K, respectively. In Sect. 2.5 a two-dimensional setup of the technique has been applied to visualize a helium stream in air and to map soot in an acetylene/air diffusion flame.
In Sect. 3, the results are recapitulated and possible future work is outlined in the field of laser diagnostics by coherent techniques.
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Gas-phase diagnostics by transient laser-induced gratings
Temperature measurements
One of the most established techniques for the determination of temperatures is coherent anti-Stokes Raman scattering (CARS); see Ref.
[2] and references therein. Among the numerous advantages of CARS thermometry the two most important ones are precision (±15 K in single-shot measurements at flame temperatures [31] ) and the applicability of the method in harsh environments (such as those characterized by high temperature, high pressure, and high turbulence). However, advanced experimental equipment is required: at least two lasers (a narrowband and a broadband laser), a spectrometer, and a diode array camera. Additionally, an involved data analysis is inevitable using CARS [11] . The high complexity of the method has fostered the development of alternative diagnostic approaches.
In the following, experiments for the determination of temperature in the gas phase and in flames by the LIG technique are reviewed (see Ref.
[23] for details).
